The potential of using baculoviruses as alternatives to the chemical control of insects has long been recognized (16) . Unlike many synthetic chemical pesticides, baculoviruses have minimal environmental impact, have shown no mammalian toxicity, and have high target specificity (8) . However, a primary disadvantage of baculoviruses is their inability to kill target insects rapidly. In contrast to the rapid effects observed with many synthetic chemical pesticides, insects infected with baculoviruses continue to live and feed for many days after infection. An important goal of genetically engineering these viruses is to shorten this postinfection feeding period. Using the insects' own hormones or hormone-regulatory proteins represents a possible route for enhancing the control properties of baculoviruses.
Juvenile hormone (JH) plays a pivotal role in regulation of insect development (7, 32) . In response to ecdysteroids, the presence of JH during larval instars regulates the expression of specific genes so that a larval-larval molt ensues (27) . During the last larval instar of members of the order Lepidoptera, JH levels in the hemolymph must be reduced for ecdysone to trigger a pupal molt. This decrease in JH titer occurs by reduced JH biosynthesis and by active degradation of circulating JH by the hydrolyzing enzyme JH esterase (JHE) (6, 10) .
Recently a cDNA encoding JHE from the moth Heliothis virescens (Lepidoptera: Noctuidae) was cloned and expressed by using a baculovirus expression vector (11) . The vector produced active JHE, and effects of the expressed enzyme on the size and coloration of infected larvae were reported. While relatively high levels of expression of active JHE were detected in culture fluid from infected cells, only nominally increased levels were found in the hemolymph of young larvae of Trichoplusia ni (Lepidoptera: Noctuidae) larvae fed occlusion-negative recombinant virus. Furthermore, no metamorphic abnormalities were evident in infected insects, although a reduction in weight gain was observed in larvae that were fed budded virus. The Autographa californica nuclear polyhedrosis virus (AcMNPV) expression vector used in these studies encoded ecdysteroid UDP-glucosyltransferase (EGT), which inactivates ecdysone by conjugating the hydroxyl group at C-22 with a sugar (23, 24) . Thus, insects infected with a virus containing the gene encoding EGT (egt) do not molt because of a lack of active ecdysone. This inactivation of ecdysone would be expected to mask the metamorphic effects of JHE, since ecdysone is required to initiate a molt and JH influences only the outcome of the molt. Furthermore, the deletion of egt enhances the properties of AcMNPV as a pesticide because insects infected with egt-viruses attempt to molt and feed less during the infection (25) .
Thus, we were interested in determining whether a recombinant virus lacking egt and overexpressing the gene encoding JHE (jhe) would induce a premature pupal molt. Premature pupation would be expected to limit feeding damage by infected insects more than larval-larval molts would.
Thus, an egt-, jhe-expressing virus was constructed. High levels of active JHE were observed in both infected-cell culture and the hemolymph of infected T. ni larvae. However, premature pupation did not occur in infected larvae, and little or no reduction in feeding was observed relative to larvae infected with the control virus, either with neonates or with late-instar larvae. Thus, the expression of jhe MATERIALS AND METHODS Cells and virus. AcMNPV L-1 (19) was propagated and its titer was determined in Spodoptera frugiperda (Lepidoptera: Noctuidae) IPLB-SF21 cells (SF21 [30] ) maintained in complete TC-100 medium (GIBCO Laboratories, Gaithersburg, Md.). Complete TC-100 medium is TC-100 medium supplemented with tryptose broth (GIBCO) and 10% fetal bovine serum (21) . For some experiments, SF21 cells maintained in SF-900 serum-free medium (GIBCO) were used. Three genetically modified AcMNPVs were used for construction of jhe expression vectors. The first virus, designated vEGTZ, is an AcMNPV L-1 derivative in which the Eschenichia coli lacZ gene is inserted in frame in the viral egt gene (24) . The second virus, designated vEGTDEL, is a mutant which has a 1.1-kb deletion in the egt open reading frame (ORF) (23) . The third virus, designated vEGTSyngal+, has the same egt deletion as vEGTDEL but also carries a lacZ gene under the control of a synthetic viral promoter in place of the polyhedrin gene. This virus facilitated screening for occlusionpositive recombinants expressing JHE (see below).
Construction of transplacement plasmids. Two different transplacement plasmids were constructed for the insertion of jhe into AcMNPV. In the first, a 1.75-kb cDNA fragment encoding JHE was excised from pJHE16B (11, 13) by digestion with EcoRI and KpnI and gel purified. This fragment was then ligated into the EcoRI and KpnI sites of the multiple-cloning region of plasmid vector pEVmXIV (31) by standard molecular biological techniques (20) . pEVmXIV contains 2.3 kb of AcMNPV sequences flanking a multiplecloning site which is immediately downstream of the XIVmodified polyhedrin promoter (31) . The flanking regions of this plasmid facilitate allelic replacement into the AcMNPV genome, and the XIV promoter yields levels of expression higher than that of the wild-type (wt) polyhedrin promoter (22, 26) . The plasmid containing jhe was designated pXIVJHE.
The second transplacement plasmid, designated pSPX IVJHE ( Fig. 1) was constructed by digesting pJHE16B with KpnI, blunt ending the 3' overhanging ends with T4 DNA polymerase, and then cutting the linearized plasmid with EcoRI to give the 1.75-kb JHE cDNA. This fragment was gel purified and then ligated into the EcoRI and SmaI sites of the multiple-cloning site of the transplacement plasmid pSynXIVVI+X3. This transplacement plasmid has two modified viral promoters placed in tandem which have been shown to drive very high levels of expression of genes placed under their control (31) . One of the promoters is XIV (described above), while the other is a synthetic promoter and consists of consensus sequences from a number of AcMNPV late and very late promoters (31) . Flanking the MCS and promoter regions of this plasmid are the AcMNPV 603 ORF on one side and the wt polyhedrin promoter and ORF on the other side (Fig. 1) . These flanking sequences facilitated allelic replacement during cotransfection with viral genomic DNA. The presence of the polyhedrin promoter and ORF results in an occlusion-positive recombinant virus. The junctions between the promoters and the cDNA of the plasmids were confirmed by DNA sequencing by the method of Chen and Seeburg (4) .
Construction of recombinant viruses. Three jhe-expressing recombinant viruses were generated by allelic replacement (21 (3) and Blake et al. (1) . Briefly, SF21 cells (2 x 106/60-mmdiameter plate) that had been maintained in SF-900 serumfree medium were infected at a multiplicity of infection of 20 PFU per cell with either vJHEwt, vJHEEGTZ, AcMNPV L-1 (wt), or vEGTZ for 1 h. After adsorption, the inocula were removed and the cells were incubated in SF-900 medium for 12 h. After incubation, the medium was replaced with 1 ml of incomplete TC-100 medium either with or without 5 p.g of tunicamycin (Sigma Chemical Co., St.
Louis, Mo.). The cells were rocked gently for 24 h at 27°C, and the tissue culture fluid and cell lysates were collected. Proteins were separated by SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to an Immobilon nylon blotting membrane (Millipore, Bedford, Mass.) with a Transblot apparatus (Bio-Rad Laboratories, Richmond, Calif.). The membrane was blocked for 2 h at 37°C with 3% bovine serum albumin in 20 mM Tris-HCl (pH 7.5)-500 mM NaCl and then probed at 37°C with diluted (1:1,500) polyclonal antiserum against JHE (14) . Bound antibodies were detected with alkaline phosphatase-conjugated anti-rabbit immunoglobulin G diluted 1:3,000 (Sigma). As a control, an identical blot was treated similarly and probed with nonimmune serum. Protein size markers transferred to the membrane were visualized separately by staining with Coomassie brilliant blue.
JHE activity bioassay. T. ni eggs were provided by Beth Gray of Abbott Laboratories (Chicago, Ill.). The insects were reared on an alfalfa diet as previously described (9) . T. ni larvae that were approximately 24 h into the fourth instar were injected with S x 104 pfu of budded vJHEEGTD, wt, or vEGTDEL virus. At 24-h intervals p.i., the insects were bled, and the hemolymph was assayed for JHE activity with [10- 
RESULTS
Virus constructs. Three recombinant viruses which express jhe under the control of the XIV promoter (31), a modified polyhedrin promoter with enhanced expression properties (22, 26) , were constructed: vJHEwt, vJHEEGTZ, and vJHEEGTD. The recombinant virus vJHEwt contains jhe in a wild-type (egt+) viral background and is occlusion negative. vJHEEGTZ is an occlusion-negative virus and has an E. coli lacZ insertion in frame with the viral egt gene, while in vJHEEGTD, the egt ORF has a 1.1-kb internal deletion. The latter recombinant is also occlusion positive because of the presence of the intact polyhedrin gene. The control viral construct for vJHEEGTZ is vEGTZ. This virus contains the same lacZ-egt fusion but lacks jhe (24) . The virus that served as a control for vJHEEGTD, vEGTDEL (23) , has a deletion in egt, is occlusion positive, and lacks jhe.
JHE synthesis. To monitor synthesis of JHE in SF21 cells, cells were infected with vJHEEGTD or vEGTDEL (control) and radiolabeled with [35S]cysteine at various times p.i.
Several protein bands, ranging in size from 60 to 66 kDa, were observed only in cell lysates from vJHEEGTD-infected cells (Fig. 2A) . These proteins were expressed from 24 through 48 h p.i., as would be expected for products of a gene under the control of the very late XIV promoter. A single protein band of approximately 62 kDa could be seen in lysates of control-infected cells, but this protein did not follow the temporal expression expected for a product of a gene placed under control of a polyhedrin-related promoter.
Proteins secreted from infected cells that were pulselabeled with [35S]cysteine were analyzed by SDS-PAGE.
Two closely migrating protein bands at approximately 64 and 65 kDa were observed in the fluid collected from cells infected with vJHEEGTD (Fig. 2B ). These proteins were not seen in control (vEGTDEL-infected) cells. Secretion of the expressed protein is to be expected, since the JHE cDNA contains 19 amino acids at the NH2 terminus which match well with consensus sequences for export signal peptides (14) . The presence of the protein in the extracellular medium (14) .
Immunoblotting. To determine whether these proteins were related to authentic JHE, we used an antiserum specific for H. virescens JHE (14) to probe lysates and supernatants of cells infected with vJHEwt and vJHEEGTZ. Lysates and supernatants of mock-infected cells or cells infected with wt virus or vEGTZ served as controls. A selective crossreaction was found in lysates of those cells infected with vJHEwt and vJHEEGTZ, while bands of similar size were not found in lysates from those cells that were mock infected or infected with the control viruses (Fig. 3) Fig. 2 with Fig. 3) . Similarly, two protein bands of approximately 64 and 65 kDa were recognized by the antisera in supernatants of cells infected with the JHE-expressing viruses. Proteins of similar sizes were not recognized in supernatants from cells that were mock infected or infected with the two control viruses. Furthermore, no bands were detected on the blot probed with the nonimmune serum (data not shown). These data show that the multiple bands observed in Fig. 2 are antigenically related to authentic JHE.
To determine whether glycosylation accounts for the heterogeneity of the gene products, we compared gene expression in the vJHEwt-and wt-infected cells in the presence or absence of tunicamycin from 12 to 36 h p.i. (Fig.  3, panel on right) . Western blot analysis using antisera directed against JHE showed a pattern of immunopositive bands similar to that observed previously in lysates and supernatants of vJHEwt-infected cells which were not treated with tunicamycin (Fig. 3, lanes -) binant cells treated with tunicamycin (lanes +), the apparent size of the immunopositive bands decreased to 60 kDa, the size of a single band which approximates the size predicted for unglycosylated JHE on the basis of the cDNA sequence. This corresponds to the smallest JHE-specific band observed in infected lysates (Fig. 3, left panel) . Tunicamycin is a strong inhibitor of N-linked glycosylation (28) , and the results are consistent with the interpretation that the larger proteins from untreated cells are glycosylated forms of JHE.
The data also suggest that glycosylation is important for secretion of the recombinant JHE from cells in vitro. Supernatants from infected, untreated cells showed much more immunoreactive protein than did supernatants from treated, infected cells, even though equivalent volumes of supernatant were loaded onto the gel (rightmost two lanes of Fig. 3 ). This suggests that little of the nonglycosylated protein is released from the cells, a conclusion supported by the observation of a very strong immunopositive band in lysates from those infected cells treated with tunicamycin. Previous studies have also shown that glycosylation is important for proper secretion of some proteins expressed in baculovirusinfected cells (17) .
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The results of the fourth-instar per os infections were very > 0.05). Infection with similar to those described above for the injection studies, ained approximately 30 although the weight at the time of infection was lower r this time, the insects' because of the preinfection 18-h starvation period (compare )t change as the viral weight between insects infected with vJHEEGTD and vEG-TDEL was observed at any of the times sampled. There were also no major differences detected in developmental phenotype or in time of mortality (data not shown). As with the injection bioassays, most of the insects infected with the two egt-deleted viruses died in the process of molting to the fifth instar.
While the weight curves for fourth-instar larvae fed vEG-TDEL or vJHEEGTD were essentially identical, those for fifth-instar larvae showed some differences (Fig. SB) . vEG-TDEL-and vJHEEGTD-infected insects showed no significant differences in weight at either 1 or 2 days p.i., and they did not show significant differences in weight from insects which were infected with wt virus (P > 0.05). Irrespective of the treatment, insects gained approximately five times their initial weight by day 2 p.i. At 3 and 4 days p.i., however, vJHEEGTD-infected insects weighed a small but statistically significant amount less than those larvae infected with vEGTDEL (P < 0.05). However, this disparity in weight may be due to differences in rate of weight loss during preparation for pupation. The differences are not great enough for vJHEEGTD to be considered an improved viral pesticide. The average weights of the mock-infected insects did not differ significantly from the average weights of either vEGTDEL-or vJHEEGTD-infected insects on day 3 p.i., and all mock-infected larvae had pupated by day 4 p.i. Even though the average weights of larvae infected with vJHEE-GTD were significantly lower than the average weights of larvae infected with vEGTDEL, no developmental differences were detected. Insects infected with either virus started to spin cocoons at similar times and in similar numbers (data not shown).
Dose-and time-mortality bioassay. Even though there was little evidence of an effect of JHE in feeding or development of late-instar T. ni larvae, the possibility of more pronounced effects in neonates existed. To test this, we determined the LC50 and ST50 for a jhe-expressing virus in neonate T. ni (Tables 2 and 3) . No significant differences in LC50 between neonates allowed to feed on a diet contaminated with PIBs of vJHEEGTD, vEGTDEL, or wt virus were observed (Table  2) . Furthermore, there was no significant difference in the ST50s of neonate larvae fed an LCioo dose of PIBs of vJHEEGTD or vEGTDEL (Table 3) . However, the median times of mortality for insects infected with both egt-deleted AcMNPV or egt-AcMNPV derivatives (25) .
DISCUSSION
The possibility of using jhe expression as a means of improving the efficacy of baculoviruses as biopesticides was considered previously, but few or no differences were observed in either developmental characteristics or weight gain (11) . However, those studies did not use vectors which were specifically defective in egt expression. On the basis of known hormonal regulation in insects, the presence of EGT and its subsequent inactivation of the molting hormone ecdysone (24) would be expected to circumvent the disruptive effects of premature clearing of JH by overexpressed JHE. Our experiments addressed this possibility directly by comparing jhe expression in an egt-genetic background. Although the ST50 of vJHEEGTD-infected neonates was reduced approximately 20 h compared with that of wt virus-infected neonates, the same reduction was observed with vEGTDEL-infected neonates, and thus it is due solely to the egt deletion. A reduction in ST50 for egt-disrupted virus in S. fiugiperda has been described elsewhere (25) . In addition, no differences in developmental characteristics between neonates or late-instar larvae infected with vJHEE-GTD and those infected with vEGTDEL were observed.
Active ecdysone was present in recombinant virus-infected insects, as demonstrated by head capsule slippage in infected fourth-instar larvae and prepupation behavior in infected fifth-instar larvae. However, even with active ecdysone and high titers of active recombinant JHE, neither instar infected with vJHEEGTD showed any signs of premature molting.
Since ester hydrolysis appears to be a major route of JH metabolism in insects (10), we thought that viruses expressing the H. virescens jhe cDNA would adversely affect lepidopteran species such as T. ni. However, our studies of on July 11, 2017 by guest http://aem.asm.org/ Downloaded from both T. ni and fourth-and fifth-instar S. frugiperda showed no such effect (data not shown). We also tested fourth-instar H. virescens, and no difference between vJHEEGTZ-and vEGTZ-infected larvae in weight, development, or time of mortality was observed (data not shown). Although our study indicated no difference in weight gain between T. ni larvae infected with control andjhe-expressing virus, Hammock et al. (11) reported reduced weight gain in neonates infected per os with the budded form of a jheexpressing virus. We did not compare weights of the neonates, but no overt difference in size was observed before the death of the insects. The effect of the recombinant virus that Hammock et al. reported might be due to the method of infection, since the effects of feeding of budded virus are not well characterized.
The reason for the lack of increased efficacy of the egtdeleted, jhe-expressing recombinant virus is unknown. Although previous studies (11) 
